ABSTRACT A distributed-delay simulation model was developed for Frankliniella occidentalis (Pergande) on greenhouse cucumber. The life history parameters used for construction of the model were obtained from published data. The model was validated using population growth data that were obtained by sampling two greenhouse cucumber crops. Predicted population dynamics by the model were in agreement with observed greenhouse population dynamics of F. occidentalis when population densities were Ͻ550 adults and larvae per plant. Sensitivity analyses revealed that sex ratio and fecundity by females were the most sensitive parameters in the population model. The simulation model was used to determine the economic thresholds for F. occidentalis based upon previously established economic injury levels. This was done by investigating the population dynamics of F. occidentalis in situations where a pesticide was applied when the population levels exceeded the determined economic thresholds at temperatures of 20 and 25ЊC. The effects of initial thrips density combined with different thrips invasion rates or temperatures on the population growth of F. occidentalis were also evaluated by the simulation model.
WESTERN FLOWER THRIPS, Frankliniella occidentalis
, is one of the most common and serious pests of greenhouse crops in North America and throughout the world (Shipp and Ramakers 2002) . Reports on the economic importance of F. occidentalis refer to direct fruit damage by feeding on or ovipositing in developing fruit (Rosenheim et al. 1990, Tommasini and Maini 1995) and also to indirect damage by feeding on leaves and ßowers (Steiner 1990, Childers and Achor 1995) , with an associated loss in fruit quality ) and yield , Shipp et al. 1998 .
Frankliniella occidentalis has a high reproductive rate. Eggs are deposited into plant tissues (leaves and fruit) and the mature larvae often pupate in hidden places such as beneath rockwool slabs and plant litter (Higgins 1992) . Thus, insecticides are not effective against the prepupal and pupal stages, making it difÞcult to control thrips infestations with chemicals alone. In addition, F. occidentalis is resistant to many insecticides (Immaraju et al.1992) . Biological control agents, such as predatory mites Amblyseius cucumeris (Oudemans) and predatory anthocorids Orius spp., can provide effective control of F. occidentalis, but are not successful on all crops or under all situations (Dissevelt et al.1995 , Jacobson 1997 , Jarosi et al. 1997 , Shipp and Ramakers 2002 .
Development of an integrated pest management (IPM) program for F. occidentalis on greenhouse crops requires a thorough understanding of the complex interactions among thrips, their biological control agents and climatic factors on greenhouse crops. Numerical studies of the effects of temperature on F. occidentalis life history components, such as developmental rate, survival of the different life stages, age-speciÞc fecundity and survivorship of adult females, and offspring sex ratio have been published for F. occidentalis on cucumber (Gaum et al. 1994 , van Rijn et al. 1995 and other Þeld crops (Trichilo and Leigh 1988 , Lowry et al. 1992 , McDonald et al. 1998 .
Serving as a database, simulation modeling provides an approach to integrate and store numerical information associated with pest population dynamics, and to make this information readily available for IPM decision-making through the use of simulation (Legaspi et al. 1997 ). In addition, simulation models can provide insights into the critical components of a pestÕs population dynamics for improved timing and integration of control measures by examining the population behavior while manipulating different associated factors. These models also help in the development of optimal IPM programs by allowing researchers to investigate different management strategies that may be too costly or time consuming to perform in experimental trials.
However, little work has been done on the population modeling of F. occidentalis in greenhouse cu-cumbers. The objective of this study was to develop a simulation model that can predict the population dynamics of F. occidentalis under greenhouse conditions and that can help to determine optimal management strategies by investigating the quantitative consequence of different control measures using simulation modeling as an analytical and explorative tool. Published life history data were used to establish the parameters of the model. The model was validated using greenhouse experimental data which were then also used to determine economic thresholds based upon established economic injury levels for F. occidentalis, and to investigate subsequent population ßuctuations under speciÞc conditions.
Materials and Methods
Simulation Model. A discrete, fractional boxcar train model (Goudriaan and van Roermund 1989) was used to describe population growth under speciÞc conditions. In this model, each life stage of the thrips was divided into N age classes each containing a speciÞc number of individuals. Physiological development was simulated using the distributed delay process (Manetsch 1976) , which moves individuals through the different stages at a certain rate and simulates variation in developmental time. As individuals leave the last age class of one stage, they enter the Þrst age class of the next stage. To simulate developmental delay, the fraction (F) at which individuals move from an age class to the next is calculated for each stage by
where relative dispersion RD is a function of temperature because both variance ( 2 ) and mean () of developmental time are temperature-dependent. The number of age classes (N) for each stage was determined as 0.75 ϫ (1/[max (RD 2 )]) to have a sufÞcient number of age classes to simulate the dispersion of developmental times while still maintaining the conditions 0 Յ F Յ 1 and N Յ 1/RD 2 (Goudriaan and van Roermund 1989) . Thus, N egg ϭ 4, N larva ϭ 6, N prepupa ϭ 4, and N pupa ϭ 4 were obtained accordingly and used in the simulation.
Because age-speciÞc survivorship and fecundity of adult females were expressed as functions of temperature and physiological age in degree-days (DD) and to make use of these functions in simulating aging processes accompanied with age-speciÞc mortality and fecundity in relation to physiological age (DD), the adult stage was divided into 48 age classes with 5 DD as the length of each age class (N adult ϭ 48). The aging rate of the adults depended directly on temperature, and no developmental delay was assumed for the adult stage.
Life History Parameters Used in the Population Model. To quantify the relationship between life history parameters of thrips and environmental factors, preliminary mathematical models were established using data from the literature. A linear model was used to describe the relationship between temperature and developmental rate for the four life stages according to the results of Gaum et al. (1994) . A developmental threshold of 9.4ЊC (Gaum et al. 1994 ) was used in the simulation of immature development and adult aging processes.
According to the results of van Rijn et al. (1995) , egg mortality is Ͻ1%. The mortality between egg hatching and adulthood is 7%, which occurred mainly during the larval period. The relationship between mortality rate and temperature for the Þrst and second instar stage was described using equation 2 with the assumption that both larval instars had equal instantaneous mortality rates, and that the other stages had negligible mortality rates, as found by van Rijn et al. (1995) at 25ЊC
with ϭ 0.0318/d, ␦ ϭ 1.8ЊC, T M ϭ 34.33ЊC (van Rijn et al.1995) . The proportion of females emerging from the pupa stage ranges from 0.55 to 0.86 (Gaum et al. 1994, van Rijn et al. 995 ). The average sex-ratio [female/ (femaleϩmale)] of 0.65 from our greenhouse experiment data were between the range found by Gaum et al. (1994) and van Rijn et al. (1995) and thus, was used as a constant in our model with the assumption that the sex ratio does not vary with temperature and season.
Age-speciÞc fecundity depends on temperature and physiological age of female insects. It was expressed as a function of temperature and age, in which a linear function was used to describe the increase in fecundity at early ages and an exponential function for the subsequent decrease in egg laying at older ages. The combination of both functions as described by Enkegaard (1993) Gaum et al. (1994) (Fig. 1) with R ϭ 1.0. For validation of the model, R was used as a tuning parameter for reproduction to extrapolate results from the laboratory conditions to greenhouse conditions (Skovgård et al. 1999) . The number of eggs (E 0 ) laid by the total female population within one time unit was calculated by the equation:
where f(x,T) is the same as in equation 3, and F x is the number of females in age class x. Accumulative age-speciÞc survivorship of the adults was described with the Gompertz equation (Strehler 1977 )
where s x is survivorship for a cohort of xth age in physiologic time scale (DD), and a, b, and c are empirical constants, which were estimated as 1.0053, Ϫ0.0042, and 0.0303, respectively, by using Marquardt techniques (SAS Institute 1990) to Þt the equation to the results of Gaum et al. (1994) (Fig. 2) . In the simulation model, survivorship was converted to relative mortality RMR, which measures the mortalities occurring in each age class:
where s x , s xϩ1 are survivorship of adults in the age x and xϩ1, which are obtained from equation 5. Monitoring Greenhouse Population Growth. Population growth data for F. occidentalis for model validation were collected weekly from February to April 1996 in two greenhouses (9.6 by 15.6 m) at the Greenhouse and Processing Crops Research Center, Harrow, Ontario, Canada. The commercial cucumber cultivar ÔFlamingoÕ was used as the plant host and was grown in rockwool slabs at two plants per slab with a planting density of 1.2 plants/m 2 . Plants were irrigated and fertilized with the Harrow Fertigation Manager (Labbate Climate Control Systems, Leamington, Ontario, Canada) according to standard commercial recommendations and maintained according to commercial practices. F. occidentalis adults collected from a greenhouse colony were introduced into both greenhouses at the rate of one and Þve adults per plant, respectively, after the crop was transplanted into the greenhouses. Day/night temperatures for the greenhouses were set at 24/22ЊC before fruit set and at 22/20ЊC after fruiting. Relative humidity was maintained at 75% throughout the growing season. Greenhouse climate was monitored and maintained by Priva Control Systems (Climate Control Systems). Temperature was recorded at system-default intervals of 5 min and hourly mean temperatures were used in the computer simulations.
To monitor thrips densities, each greenhouse was divided into four quadrants. In each quadrant, one randomly selected plant was sampled for thrips density estimates. Fully-opened, nonsenescent ßowers on the selected plants were placed individually into labeled vials (7.4 by 4.9 cm) for estimating the population densities of thrips on ßowers by dissecting and counting the number of thrips in the ßowers using a dissecting microscope in the laboratory. Thrips on the whole plant were collected by thoroughly tapping every leaf along the complete height of the plant using a white enamel pan to collect the thrips. All thrips in the pan were aspirated into labeled glass vials using a DC Insect Vac (BioQuip, Gardena, CA). The numbers of adult and larval thrips were counted in the laboratory. Population densities on a sample date were estimated as the mean number of adult and/or larval thrips per plant or the mean number of adult thrips per ßower.
Model Validation. The coefÞcient of determination (R 2 ) was estimated based on the residual deviations of the model outputs from the greenhouse data set. R 2 measures the proportion of variability in the observed data explained by the simulation model (Wu and Wilson 1997) :
where
. N oi and N pi are the observed and predicted thrips number (larvae or/and adults), and N null is an overall mean of N oi . A large R 2 indicates that the predicted values are closer to the observed values. Greenhouse data were used for the model validation.
Sensitivity Analysis. The sensitivity of the model was analyzed by examining the effects of variation in the life history parameters such as the reproduction tuning parameter R, sex ratio and immature mortality. These parameters were varied systematically, one at a time, in Ϯ 10, Ϯ 20 and Ϯ 30%, respectively. Model response was quantiÞed both in terms of the sum-ofsquares deviation (SS) from the model output with the other parameters being Þxed, and the population increase rate r. Values of r were estimated using the following equation with the assumption of an exponential increase in the population during the period of t:
where N end and N init denote the population density at the start and end dates of the simulation, respectively, and t is the simulation period in days. Model sensitivity was analyzed based on simulation results for 60 d in each case.
Determination of Economic Thresholds Based on Established Economic Injury Levels by Simulation.
Economic injury levels have been established for F. occidentalis on greenhouse cucumber based on the linear relationship between thrips densities in ßowers and direct damage/injury rate to fruit (Shipp et al. 2000) . However, determination of the economic threshold relative to the economic injury level (EIL) relies greatly on the understanding of pest population dynamics as inßuenced by pesticide application (Pedigo 1996) . Using the simulation model, the population dynamics of F. occidentalis were examined in situations where a pesticide was applied when the population level exceeded the designated economic thresholds which were estimated as 70, 80, and 90% of the EIL of Þve adults per ßower (Shipp et al. 2000) , at temperatures of 20ЊC (spring growing season) and 25ЊC (summer/fall growing season). According to the results of Helyer and Brobyn (1992) , the insecticide (endosulfan, Thiodan 35) when used in our simulations would cause an accumulative mortality of 73.1% to the larvae, 98.7% to the pupae and 97.6% to the adults 3 d after application. Because F. occidentalis oviposits eggs into the plant tissue and the mature larvae usually pupate in hidden places in the greenhouse, insecticides used in the simulation were assumed to be ineffective on eggs, but have a different effect (0, 50, and 98.7% mortality) on the pupa stage. Residual effect was assumed to last for only 3 d after application. No pesticide was applied within 3 d of the Þrst application.
For estimating the number of adults in the ßower, a linear relationship as determined between the numbers of thrips per ßower and the numbers of thrips per plant from greenhouse trials conducted at the Center in 1996 was used. The model was simulated for 150 d with an initial density of one adult F. occidentalis per plant for each case. According to the simulation results, the appropriate economic threshold level was determined by comparing the frequency that pesticide applications were needed to protect the crops from economic injury by thrips, and the frequency that the thrips population density reached or exceeded the EIL because of the time delay when the pesticide was applied and the time when the effect of pesticide was fully realized.
Impact of Initial Density, Invasion Rate, and Temperature on Population Growth. The population model was also used to investigate the effect of initial pest density combined with different invasion rates or different temperatures on thrips population dynamics. The initial densities of thrips found on crops can vary greatly depending on many factors such as production, cultural, and sanitation practices, and even the presence of biological control agents on the seedlings. Thrips invasion during the summer season can be reduced by screening the greenhouse vents (Jacobson 1997) . This simulation experiment involved simulating thrips population dynamics at initial densities of 0.001Ð 5.0 adults per plant, combined either with an invasion rate of 0.0001Ð 0.1 adults per plant per day at 25ЊC, or with constant temperatures of 17, 19, 21, 23, 25, and 27ЊC without invasion during the growing season. The impacts of initial density, invasion rate and temperature on population growth were evaluated in terms of the duration period for the population to reach a critical density such as the economic threshold under the various conditions.
Results and Discussion
Greenhouse Population Growth. The greenhouse population dynamics of adult and larval F. occidentalis as monitored using plant tappings, as well as recorded greenhouse temperatures are presented in Fig. 3 . Air temperatures ranged from 17.5 to 27.2ЊC in the high thrips density greenhouse and from 18.2 to 26.8ЊC in the low-density greenhouse. The population levels in both greenhouses increased exponentially over the monitoring period. The population density of the thrips increased from an initial density of Þve adults per plant to a total of 350 larvae and 180 adult thrips per plant 49 d after release in the high-density greenhouse, and from one adult per plant to a total of 102 larva and 40 adult thrips per plant in the low-density greenhouse. Both population densities contained 2Ð2.5 times as many larvae as adult thrips during the rapid population growth phase which started at the 29th and 36th day from release of the thrips in the high-and low-density greenhouses, respectively. A mean sex ratio of 0.65:0.35 (female: male) was found over the experimental period for both greenhouse populations. The number of adults in the ßowers was signiÞcantly correlated with the number of adults on the leaves (y ϭ 0.2015x Ϫ 0.000306x 2 ) (r 2 ϭ 0.68) and accounted for 10 Ð20% of all adults sampled on the whole plant.
Model Validation. A wide range in variation for fecundity of F. occidentalis was found in the literature. The fecundity equation derived from the results of Gaum et al. (1994) underestimated thrips reproduction at 25ЊC when compared with fecundity that was obtained by van Rijn et al. (1995) and de Kogel et al. (1997) . Therefore, for the Þrst step of model validation, the tuning parameter R in equation 3 was adjusted such that the highest goodness-of-Þt was obtained for simulation outputs against the high-density greenhouse data. R ϭ 2.20 resulted in the highest coefÞcient determination (R 2 ). Now the adjusted fecundity was similar to the reproduction rate obtained by van Rijn et al. (1995) for F. occidentalis reared on cucumber ÔCoronaÕ leaf discs. With the adjusted R, the simulation model accurately predicted thrips population ßuctuations in the high-density greenhouse when densities were Ͻ550, combined numbers of larvae and adults per plant (Fig. 3) . The simulation model explained 95.1% of the variability in the observed data from the high-density greenhouse for larval thrips, 93.2% for adult thrips and 99.24% for the combined total of adult and larval thrips. After adjustment with the high-density greenhouse data, the model was then validated against the low-density greenhouse data by comparing its outputs with the low-density greenhouse data. This comparison showed that the simulation model explained 90.18, 92.35, and 96.26% of the variability in the observed data from the low-density greenhouse for larvae, adults and combined numbers of adult and larval thrips, respectively.
The simulation model gave an accurate prediction of thrips population growth (Fig. 3) . Validation results suggested that the model accurately predicted thrips population ßuctuations when thrips densities are Ͻ550 larvae and adults per plant. When population densities increased above 550 larvae and adults per plant in the high initial density greenhouse, the model overestimated the number of adults and larvae. This is partially attributed to the lack of inclusion of highdensity effect on fecundity and survivorship of adults in the model. Unfortunately, little information is available on density effects on population parameters. Another reason is that like any other model, the prediction error lies in the subroutines of the model and increases as a function of simulation period (Flinn and Hagstrum 1995) . However, in commercial greenhouses, especially those with high investment input, thrips are rarely allowed to reach such high densities. Thus, the lack of density effect would not signiÞcantly inßuence model simulation performance of thrips management for greenhouse crops.
Sensitivity Analysis. Published data on the life history of thrips indicate that several life history parameters (reproduction rate, sex ratio and preadult survival for F. occidentalis) have a wide range of variation at different temperatures (Lewis 1973 , Gaum et al. 1994 , on different host plants (van Rijn et al. 1995 , de Kogel et al. 1997 , Lowry et al.1992 or from different regional populations (de Kogel et al. 1997 ). However, differences in developmental times for F. occidentalis on different cucumber varieties have Ͻ10% variation among the studies (Gaum et al. 1994 , van Rijn et al. 1995 , Soria and Mollema, 1995 , Jarosik et al. 1997 ). Soria and Mollema (1995) found that the developmental rate on cucumber leaf discs is much less affected by plant genotype as compared with the components of net reproduction (such as juvenile survival and ovipositional rate). On the same varieties of cucumber, the most dramatic differences among populations from The Netherlands, New Zealand, and Italy   Fig. 4 . Sensitivity of the simulation model as measured against fecundity, sex ratio and larval mortality parameters in terms of the deviation (SS) from the greenhouse data (A) and the population increase rate (r) (B).
were found in the reproduction rate and preadult survival parameters (de Kogel et al. 1997) . Therefore, these life history parameters were chosen for sensitivity analysis to examine the impact of their variation on thrips population dynamics.
Varying either the fecundity or sex ratio resulted in substantial changes in the population dynamics (Fig.  4A) . The response of predicted population growth rate (r) to variations in fecundity and sex ratio was also strong (Fig. 4B) . However, changing larval temperature-dependent mortality resulted in only a slight variation in both model deviation (SS) and population growth rate (r). These results indicate that the model is very sensitive to variation in the fecundity of adult females and sex ratio but less sensitive to changes in larval temperature-dependent mortality. These results were expected because both parameters, fecundity and sex ratio, contribute directly to the increase of thrips population levels.
In the greenhouse, the adult sex ratio of F. occidentalis has been reported to vary considerably. Higgins and Myers (1992) found that the sex ratio of F. occidentalis ranged from male biased (Ͻ40% females) at low densities to heavily female biased (Ͼ65% females) at high population densities. In addition, to density, variation in the sex ratio may be induced by the high temperatures at the end of season (Lewis 1973 , Gaum et al. 1994 ) and also, by a possible effect of differential dispersal and distribution of the sexes relative to resource quality (Terry and Kelly 1993) . Therefore, the relationship between sex ratio and these factors needs to be further examined and quantiÞed to provide a better understanding of the population dynamics and to improve the predictive ability of the model.
Changes in fecundity also have a substantial impact on population growth. In addition, to temperature, host cultivar and biotype of the thrips have an effect on fecundity. Van Rijn et al. (1995) found a signiÞ-cantly higher fecundity for F. occidentalis reared on cucumber ÔCoronaÕ leaf discs than that found by Gaum et al. (1994) on ÔPepinexÕ leaf discs. Using the same cucumber cultivar, thrips from different geographic regions showed signiÞcant differences in fecundity (de Kogel et al. 1997) .
Determination of Economic Thresholds Based on Established Economic Injury Levels by Simulation.
The population dynamics of F. occidentalis were simulated for situations in which a pesticide was applied when the population level exceeded various designated thresholds relative to an EIL of Þve adults per ßower (Shipp et al. 2000) , at temperatures of 20 and 25ЊC, with the consideration that the pupae might be subjected to different pesticide mortality due to its cryptic pupation behavior. Results showed that application frequencies are almost doubled when a pesticide has no control effect on the pupal stage as compared with that when pesticide has a high percentage of control effect (98.7% mortality) on the pupal stage (Table 1) . Improvement in control efÞcacy to the pupal stage from 0 Ð50% mortality will signiÞcantly reduce application frequency by 25Ð30%. In practice, this can be achieved by giving thorough pesticide Simulation was conducted for 150 d with the assumption that pesticide treatments were applied only when the population levels exceeded the designated economic thresholds (ET) made as 70, 80, and 90% of the economic injury levels (EIL) for Þve adults per ßower, at 20 and 25ЊC, and that the pesticide had a control effect of 0, 50, and 98.7% on pupal stage, respectively. coverage to pupation places such as rockwool slabs and plant litter.
Simulation trials also showed that temperature greatly inßuenced where the economic threshold was set relative to the EIL. When an economic threshold closer to the EIL was used at a high temperature, pesticide application will probably not protect the crop from economic injury by thrips. For example, at 25ЊC when the economic threshold was set at 90% of the EIL, 20, 7, and 5 instances occurred in which thrips population densities exceeded the EIL in the cases where 0, 50, and 98.8% control efÞcacies by the pesticide to the pupal stage were assumed (Table 1) . This occurs only when adult control efÞcacy caused by a pesticide application is smaller than the rate of increase in adults due to emergence from pupae which survived the pesticide application. This situation can be realized if the population has a high proportion of pupae at the time when a pesticide is applied, and the pesticide has a low control efÞcacy on the pupal stage and a 2Ð3 d delay to realized its full control effect. At high temperatures such as 25ЊC, therefore, an economic threshold of 70% (3.5 adults per ßower) of the EIL is necessary to ensure that the population density can be controlled below the EIL without additional pesticide applications. At low temperatures such as 20ЊC, an economic threshold that is 90% (4.5 adults per ßower) of the EIL (Þve adults per ßower) will assure that accelerating injury from the thrips will not approach and exceed the EIL regardless of whether the control effect of a pesticide on the pupal stage is high or low.
Impact of Initial Density, Invasion Rate and Temperature on Thrips Population Growth. The effect of initial thrips density and invasion rate on population growth was evaluated in terms of the duration period for the population to increase to an economic threshold (3.5 adults per ßower) by changing the initial density combined with different invasion rates during the simulation (Fig. 5A) . As the initial density decreased, the duration period for the population to reach the economic threshold lengthened. In the case of an initial density Ͻ0.01 adult per plant and an invasion rate Ͻ0.001 adult per plant per day, the population level did not reach the economic threshold until 90 d. When initial density is Ն1 adult per plant, the population level reached the economic threshold within 33 d (initial density of one adult per plant and without any invasion) to 18 d (initial density of Þve adults per plant and an invasion rate of 0.1 adult per day per plant). Therefore, any measures to reduce initial thrips densities during the early part of the season, such as keeping the propagation nursery free of pests, and maintaining pest-free seedlings after transplanting into the greenhouse are fundamental for effective and successful management of F. occidentalis in the greenhouse. Prevention of thrips invasion is effective only when the initial population level is low.
The effect of initial thrips densities combined with different constant temperatures on thrips population growth in terms of the duration for the population to reach the economic threshold was also examined (Fig.   5B ). In the case of an initial density Յ0.5 adult per plant, no pesticide applications were required within Ͼ100 d when the temperature was set at 19ЊC. However, thrips densities reached the economic threshold within 37 d using the same initial density when temperature was at 27ЊC. In the case of an initial density of Þve adults per plant and a temperature of 27ЊC, the population exceeded the economic threshold in only 16 d. As expected, temperature had a profound inßu-ence on population dynamics. Within a range of 15Ð 30ЊC, higher temperatures resulted in faster development, higher total production and higher daily rate of production (Lowry et al. 1992 , Gaum et al. 1994 , van Rijn et al. 1995 .
With greenhouse cucumber, temperatures can vary within a wide range during the entire growing season. During winter and early spring, greenhouse air temperature for a cucumber crop is usually maintained at 24-h average of 20 Ð21ЊC (Papadopoulos 1994) , and thus, with low initial densities of thrips few pesticide applications would be needed for thrips control according to our simulation output at low temperatures. But during the summer season, temperatures in the greenhouse are commonly Ͼ25ЊC. In this case, it is essential to monitor frequently the thrips population levels because thrips populations have a very high growth potential at such temperatures.
The F. occidentalis model was developed using simple simulation techniques with its parameters derived from published and Þeld data. Because of the simplicity of the model and its good agreement with the validation data, it provides a promising base for future investigations of F. occidentalis population dynamics in greenhouse crops. Simple one predator-one prey (pancake) models have been developed for explaining predation by mites and anthocorids on F. occidentalis assuming a small spatial scale with a coherent local population of the prey (Sabelis and van Rijn 1997 ). This predation model has been useful in explaining biological control of F. occidentalis on sweet pepper in the Þeld and greenhouse, and on greenhouse cucumbers (van den Meiracker and Ramakers 1991, Higgins 1992 , Chambers et al. 1993 , Funderburk et al. 2000 . The addition of a prey-predator model to our F. occidentalis population dynamics model would improve our understanding and better quantify the interactions between F. occidentalis and its biological control agents (predatory mites and anthocorids) under greenhouse conditions and on the crop. Furthermore, to improve the predictive ability of the model, more detailed information on model-sensitive life history parameters such fecundity, sex ratio, and high-density effect, should be integrated into the model. Predictions from simulation models for the outcome of speciÞc control strategies should be taken as general guidelines to assist growers in their management decisions.
